Tonic firing of pontine neurons provides excitatory input to the vasomotor centre in the ventrolateral medulla. To increase our understanding of the actions of propofol on CNS neurons controlling the cardiovascular system, we evaluated the effects of propofol on this tonic firing of pontine neurons. The actions of propofol (doses 1-4, respectively; 24 + 2, 40 + 4, 65 + 3 and 104 + 3 rag" kg -t" hr -t) 
anaesthetic. In conclusion, at light levels of propofol anaesthesia, the hypotensive effects probably relate mostly to direct actions on the heart and peripheral vasculature because central sympathetic control of the circulation is not markedly disrupted. As the depth of anaesthesia is increased, selective effects on CNS vasomotor neurons become more apparent leading to depression of excitatory pontine inputs to the vasomotor neurons in the medulla.
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compared the effects of propofol on pontine neurons in the present study with effects on ventrolateral medullary neurons observed in our previous study.7
Methods
Clinical and laboratory studies of the hypotension and bradycardia that occur with infusions of propofol (2,6-diisopropylphenol) have demonstrated that the depression of cardiovascular function is caused by direct actions on the heart and vessels as well as actions on the autonomic nervous system. 1-10 However, the studies of mechanisms of actions of propofol on CNS neurons involved in vasomotor regulation are limited to a recent investigation in our laboratory. 7 A fuller understanding of the mechanisms underlying cardiovascular changes induced by this anaesthesia may allow such changes to be prevented or more appropriate therapies to be developed to counteract them.
The rostral ventrolateral medulla and pontine reticular formation are important areas of the brain stem that control resting arterial pressure and heart rate through the sympathetic nervous system. H-13 Cardiovascular and sympathetic responses elicited in rats by microinjections of the inhibitory amino acid glycine into the rostral part of the ventrolateral medulla are similar under different anaesthetic agents including pentobarbitone, alfaxalonealfadolone, propofol and urethane. 7'12-14 However, responses elicited by inhibitory amino acid blockade of pontine neurons are blunted by pentobarbital and urethane but can be evoked well under alfaxalone-alfadolone anaesthesia. 12 The effect of propofol on pontine neurons has not previously been investigated.
Effects of anaesthesia on the pontine neurons merit exploration because recent studies have demonstrated that these neurons can provide powerful tonic excitatory sympathetic drive to support arterial pressure, ~2,13,~5 in addition to their well-known role in controlling respiration. 16 Neurons in the pons also provide excitatory input to the vasomotor neurons in the ventrolateral medulla. 13,~s Thus, to increase our understanding of the actions of propofol on CNS neurons involved in cardiovascular control, we investigated the effects of propofol on the vasomotor neurons in the pons. Data from metabolic studies suggest that higher brain regions are more susceptible to depression by intravenous anaesthetics including propofol.2 The aim of this study was to evaluate the depression of tonic f~ng of pontine neurons by different doses of propofol. Therefore we investigated the sympathetic and cardiovascular responses to microinjection of the inhibitory amino acid glycine into the pons. 12J3 A depressant action of the anaesthetic on these pontine neurons would lead to smaller responses to the amino acid blockade. Also, we
Surgical preparation of animals
After approval by the University of Western Ontario Animal Care Committee, experiments were performed on eight male Wistar rats weighing 200-400 g. Anaesthesia was induced with pentobarbitone sodium (MTC Pharmaceuticals, Canada, 40 mg-kg-I, ip). The femoral artery was cannulated to monitor arterial blood pressure and to obtain samples for blood gas analysis (blood gas analyser, model 170, Coming Medical, USA). Arterial pH, PaO2 and PaCO2 were kept in the normal range (pH: 7.35-7.45; PaO2 > 100 mmHg; PaCO2:25-40 mmHg). Metabolic acidosis was corrected by occasional small bolus injections of sodium bicarbonate and abnormalities due to hypo-or hyperventilation were corrected by adjusting respiratory rate and volume as required. Both jugular veins were cannulated; one was used for the infusion of propofol while the other was used for the continuous infusion of physiological saline (0.01 ml. min -I) and for the administration of drugs. As the anaesthetic effects of pentobarbital diminished, propofol infusion was begun at the dose needed to maintain surgical anaesthesia (dose 2, described below). Body temperature was monitored rectally and maintained at 37~ with a heating pad.
The tracheostomy tube was inserted and interfaced with a rodent ventilator (Harvard Instruments, USA) using minimal dead space in the associated tubing. The rats were paralysed with gallamine triethiodide (20 mg. kg -l initially, followed by doses of 10 mg. kg -~ as needed) and mechanically ventilated. Before each supplemental dose of gallamine was given, the depth of anaesthesia was assessed by examination of palpebral and withdrawal reflexes. Parasympathetic blockade (atropine, 1 mg-kg -~/v, every two hours, Sigma Chemical Company, USA) was done to permit the effects of propofol on cardiac sympathetic tone to be assessed. This vagal blockade also obscured any possible vagolytic effects of gallamine on the heart, t7
The rats were placed in a stereotaxic frame (David Kopf Instruments, USA) and sections of the interparietal and parietal bone were removed to expose the cerebellum and cortex overlying the brainstem. The brain surface was kept moist with saline-soaked gauze until immediately before microinjection. In all rats, the left kidney was exposed by a flank incision and the renal nerve was dissected from the renal artery at the hilus of the kidney. Approximately 2 mm was freed from the artery and the nerve was severed. The central end of the nerve was placed on a stainless steel bipolar electrode for recording tonic multifibre electrical activity. To isolate the nerves and electrodes from surrounding tissue and to prevent dehydration of the exposed nerves, the nerves and electrodes tips were covered with dental impression medium (Perfourm, Cutter Dental, USA). In each rat a pneumothorax was made to prevent movement artifacts in the neural recordings. Details of the experimental protocol have been described previously. 12, 18 Neural discharge was amplified (Grass PSI 1 amplifier; Grass Instrument Co., USA) at a bandwidth of 30 Hz-3 kHz, After amplification, the signals were monitored on an oscilloscope and recorded on magnetic tape. Arterial pressure was measured (Statham Instruments, Inc., USA) and heart rate was determined using a Grass tachograph triggered by the systolic phase of each arterial pressure pulse. Heart rate and arterial pressure were displayed continuously on a Grass polygraph and recorded on magnetic tape.
Experimental protocols
Investigation of the effects of the intravenous infusion of four different doses of propofol (Zeneca Pharma, Canada) was begun four hours after induction of anaesthesia with pentobarbital. At this time surgical preparations were complete and the anaesthetic effects of pentobarbital had dissipated. In previous experiments in our laboratory, rats were fully conscious four hours after anaesthesia with 40 mg . kg-I pentobarbital. 19 Propofol was infused at 24 ± 2 mg' kg-I. hr-I (dose 1), 40 ± 4 mg' kg-I. hr-1 (dose 2), 65 ± 3 mg' kg-I. hr-I (dose 3) and 104 ± 3 mg' kg-I. hr-I (dose 4). The doses of propofol were those used in our previous study and in other experimental studies in rats.6-8 Although much higher than doses used in humans, these doses are clinically comparable. The difference appears to relate to the rapid metabolic clearance of propofol by the liver in rats. 20 The effects of all doses of propofol on resting sympathetic discharge, arterial pressure and heart rate were investigated in each animal 40 min after beginning the infusion. The dose of propofol was selected arbitrarily by the investigator in random order. To permit recovery from the higher doses of propofol, the infusion was returned to dose 1.
After one hour of infusion of each dose of propofol, small volumes (63 ± 201) of 1.0 M glycine were injected unilaterally (21 injections) into the pons through glass micropipettes (tip size: 25 J.Lm) using a picospritzer pressure injection system. Injections were made alternately on either side of the pons. These pipettes were positioned in the pons using stereotaxic methods according to the atlas of Paxinos and Watson. 21 tine reticular formation and vasomotor area within the rostral ventrolateral medulla is presented on Figure I . Ejection pressure and pulse duration were controlled by a picospritzer (General Valve Corporation, USA). Injection volumes were determined by the displacement of the meniscus in the pipette, observed through a microscope containing an ocular micrometer. The volume injected in any individual rat was constant but small differences between rats were unavoidable. Techniques of microinjection and stereotaxic positioning of the pipettes have been described in our previous publications. 13, 14, 18 Arterial pressure, heart rate and renal nerve responses to glycine injections were monitored. The arterial pressure, heart rate and renal nerve responses to glycine microinjections into the pons were tested after 60 min of infusion of each dose of propofol. The effects of doses 1, 3 and 4 of propofol on pontine responses were obtained in five of eight rats and the effects of dose 2 were obtained in six of the eight rats. Because our previous investigation 7 showed that the effects of these infusions had reached a plateau or reached a point of minimal further change by 35 min of infusion, we assumed that a steady state had been achieved by 60 min. Our previous studies also demonstrated that control injections of 1.0 M NaCI or 2.0 M sucrose into the pontine reticular formation caused no neural or cardiovascular responses. 12 All solutions of glycine contained a few drops of India ink to mark the injection sites. After the experiments, the rat brains were removed for histological verification of the sites of microinjections into the pons. Injection sites were plotted on stylized drawings 21 of transverse sec-'tions of the rat pons.
Analysis of data
Sympathetic discharge was quantified by cumulative integration of the voltage recorded. Electronic noise in the signal was determined at the end of the experiment by obtaining a sample of signal after the animal had been given an overdose of anaesthetic. The voltage in this sample of the noise was integrated and subtracted from the total integrated signal to obtain an estimate of sympathetic activity in ~tV-see. The voltage was full wave rectiffed and integrated in ten-second intervals using a programme prepared by R.C. Electronics Inc. (USA). Control periods consisted of four to six ten-second samples.
To determine statistical changes in neural activity, arterial pressure and heart rate, a one-way analysis of variance (ANOVA) with repeated measures was used to compare responses in (1) renal nerve activity, (2) arterial pressure and (3) heart rate to microinjection of glycine into the pons during infusion of the different doses of propofol. ~ Comparisons between percentage changes in nerve activity were made after square root normalization of percentage values. Tukey's test was used for comparisons of mean values. 22 Differences were considered fignificant when P < 0.05, and variability was expressed as a standard error of the mean. 
Results
Decreases in sympathetic nerve activity, arterial pressure and heart rate occurred during the continuous infusion of different doses of propofol (Figures 2 and 3) . Renal nerve activity and arterial pressure were progressively depressed with increasing doses of propofol and the rhythmic firing pattern was lost (Figure 2 ). These anaesthetic effects on basal renal sympathetic nerve ruing and cardiovascular variables ( Figure 3 ) followed a pattern similar to those observed in our previous investigation. Figure 4 illustrates typical responses to microinjection of glycine into the pontine reticular formation in a rat. Unilateral microinjection of glycine into the pons at dose 2 (40 mg. kg -I. hr -~) caused a brisk decrease in arterial pressure, heart rate and renal nerve activity. These responses started within five to ten seconds after the injection, reached a maximum at 20-40 sec, and all variables returned to control within 120 sec. Mean arterial pressure decreased by 25 mmHg, renal nerve activity decreased by 42% and heart rate decreased by 20 bpm in this rat. 
The responses to the microinjection of glycine into the pons
Comparison of the sympathetic responses to pontine injections of glycine during infusion of different doses of propofol
Sympathetic responses to blockade of the pontine retieular formation by glycine were not different during infusion of doses 1 and 2 ( Figure 5 ). Renal sympathetic activity was depressed by 44 + 5% at dose I and by 41 + 4% at dose 2. During infusion of doses 3 and 4, FIGURE 4 Effect of glyeine microinjeetions into the pons on renal nerve activity (RNA), arterial pressure (AP) and heart rate (HR) during propofol anaesthesia (40 nag-kg -I 9 rnin-I). RNA is presented as a polygraph recording of integrated activity; the integrator resets at 10 see periods. A decrease in renal nerve activity appears as a decrease in the amplitude of each 10 sec wave. The broken line on the RNA represents the level of basal noise during recording. The arrow shows the time of microinjection of the glycine into the ports. pontine injection of glycine decreased sympa~etic activity by 28 + 3% and 13 -t-2%, respectively. The reduction in response during the highest dose was smaller than that at any of the lower doses. Also changes in mean arterial pressure after pontine microinjections of glycine were smaller as the infused dose of propofol increased ( Figure  5 ). Heart rate changes were less affected by increasing doses of propofol; only the response at dose 4 differed from the response at dose 1. For comparison, sympathetic and cardiovascular responses to blockade of neurons in the ventrolateral medulla with glycine at doses I, 2 and 4 of propofol from our previous study 7 are also presented in Figure 5 . Dose 4 of propofol depressed arterial pressure, heart rate and sympathetic responses to blockade of pontine neurons significantly more than it depressed responses to blockade of medullary neurons. Similarly, at dose 2 of propofol the change in heart rate induced by blocking pontine neurons was depressed more than that caused by blocking medullary neurons. In contrast, the arterial pressure and sympathetic responses to blockade of pontine neurons by glycine were not different from responses to blockade of medullary neurons during anaesthesia with doses l and 2 ( Figure 4 ).
Histological verification of sites of glycine injection into the pontine reticular formation
The injection sites into the pons are illustrated in Figure  6A . A digitized image of a typical injection site is shown in Figure 6B . Sites in which glycine produced decreases in renal nerve activity, arterial pressure and heart rate (triangles on Figure 6 ) were found in a pontine region extending caudally from the border of the midbrain to the middle region of the facial nucleus. This region has been described in detail previously, n The rostral pole of the motor nucleus of the trigeminal nerve defined the rostral limit of the region and the caudal limit was the caudal pole of the trapezoid body. The lateral border of this region was approximately at the motor nucleus of the trigeminal nerve, the dorsal border was the dorsal surface of the brainstem and the ventral border was the superior olivary nucleus.
Discussion
Our results demonstrate that control of sympathetic fning, arterial pressure and heart rate by neurons in the pons was very well maintained during infusion of the lower doses (doses 1 and 2) of propofol which were sufficient to provide light to surgical planes of anaesthesia. However, propofol had moderate to large effects on tonic sympathetic control of the circulation at higher doses.
Previous studies of the central nervous system effects of propofol have focused on changes in the electroencephalogram, cerebral blood flow or local cerebral glucose utilization in different brain structures. 2,6,23 In contrast to these investigations, we have studied the effects of pro-B sections of the rat brain (A) and a printed image of a section of the rat brain (B) showing the dye-marked microinjection of into the pons (arrow). The im/lge was produced using a computerized imaging system (Imaging Research, St. Catherines, Canada). A: Triangles respresent injection sites from which responses in renal nerve activity, arterial pressure and heart rate were elicited. Numbers beneath the transverse sections represent the reference level to bregma For simplicity of illustration, all sites have been plotted on one side of the brain. AS, AS cell group; Le, locus ceruleus; 70, facial nerve; 7, facial nucleus; SO, superior olivary nuclei; SpS, trigeminal complex; py, pyramidal tract; MaS, motor trigeminal nucleus. Calibrations for A and B are 2 mm. pofol on tonically active neurons by using the method of microinjections of the inhibitory amino acid glycine to block the firing of these neurons. Furthermore, unlike previous studies, we have exclusively investigated a brain region involved in the control of cardiovascular and respiratory functions. The experimental design we employed is frequently used to investigate CNS control of the circulation L3.14,24 and was chosen because changes in arterial pressure, heart rate and sympathetic firing caused by blocking tonically active CNS neurons reveal their role in supporting these functions. Actions of an anaesthetic 155 to blunt cardiovascular reactions to blockade of specific eNS neurons demonstrates that the anaesthetic depresses fIring of those neurons. Such depression would restrict their control of the cardiovascular system.
Responses of pontine neurons are of special interest because sympathetic and cardiovascular responses to their blockade by glycine or other inhibitory agents are easily hindered by anaesthetics and the responses were well maintained in our previous studies only in alfaxalonealfadolone anaesthetized rats. 12 This suggests that tonic control of the circulation by pontine reticular neurons is readily depressed by some anaesthetics. Similarly, neurons in the area postrema of the dorsal medulla that provide input to the neurons in the rostral part of the ventrolateral medulla have recently been shown to be depressed by some anaesthetics such as isonurane but pressor responses from this area were well preserved during propofol anaesthesia (personal communication: Dr. A. Schubert, Cleveland Clinic Foundation, U.S.A.) In contrast, the substantial cardiovascular and sympathetic' depression that is elicited by blocking ventrolateral medullary neurons is similar in rats anaesthetized with several different agents including pentobarbital, alfaxalonealfadolone, propofol and urethane. 7.12-14 These observations indicate that the ventrolateral medullary vasomotor neurons are more resistant to the actions of anaesthetics than are neurons in other medullary regions or in the higher pontine brainstem region.
One of our objectives was to compare the actions of propofol on two CNS centres known to provide tonic control of the cardiovascular system. Similar overall effects of propofol on sympathetic firing, arterial pressure and heart rate in the current study of pontine control and in the previous study of medullary controF were necessary prerequisites for this comparison. These conditions were almost identical in both studies, allowing our desired comparison to be made. When we investigated the relative depression of pontine and medullary control of the circulation by increasing doses of propofol, one difference was apparent. At the highest dose of propofol, pontine control of sympathetic firing and arterial pressure was blunted considerably more than medullary control. A possible explanation for the greater sensitivity of pontine reticular formation neurons to the highest dose of anaesthetic (dose 4) may relate to a greater sensitivity to anaesthetics of neurons higher in the neuraxis. For example, Dam et al. 2 evaluated changes in the cerebral metabolic rate for glucose during anaesthesia with propofol and reported greater dose-related decreases in this metabolic rate in the forebrain than in the hindbrain. These selective metabolic changes in forebrain compared to hindbrain neurons have also been observed during alfaxalone-alfadolone and etomidate anaesthesia25.26 but not during barbiturate anaesthesia. 27-29 Although no differences in metabolism were noted by Dam et al. between the pons and the medulla, 2 these investigators did not compare pontine and medullary metabolism at doses of propofol as great as our highest dose. A more profound effect at our highest dose on pontine than medullary metabolism may account for our observation of greater depression of tonic control of circulation by pontine neurons.
The apparently greater sensitivity of pontine than medullary neurons to anaesthetics also may explain why arterial pressure responses to pontine blockade by glycine at the highest dose of propofol were depressed more than those to medullary blockade. The assumption must be made that direct vascular effects of this dose of propofol remain the same whether medullary or pontine neurons are under study. At the deep level of anaesthesia caused by dose 4, severe depressant actions on the pons summed with the direct vascular effects of propofol whereas, when the actions on medullary neurons were studied, the direct vascular effects of the propofol summed with the lesser depression of medullary neurons yielding smaller changes in arterial pressure.
Explanations of the mechanisms of action of propofol on CNS neurons are incomplete. The known action of propofol to potentiate those of the common CNS inhibitory amino acids such as gamma amino butyric acid (GABA) and glycine 3~ may contribute to the depression of pontine and medullary neurons. The effect of propofol on both GABA receptors and glycine receptors on CNS neurons possibly occurs because different CNS receptors have identical binding sites for propofol) 2 The binding sites may have similar amino acid sequences and, in support of this speculation, GABA and glycine receptors are known to exhibit a high degree of amino acid sequence homology. 33 Moreover, neurons in both areas are easily inhibited by GABA agonists such as muscimol, izJ4 We have previously demonstrated that microinjections of GABA agonists into the pontine reticular formation and the rostml ventrolateral medulla cause reductions in arterial blood pressure, heart rate and sympathetic nerve discharge. 12,t4
In conclusion, at light levels of propofol anaesthesia, the known hypotensive effects probably relate mostly to direct actions on the heart and peripheral vasculature because central sympathetic control of the circulation is not disrupted in a major way. At doses of propofol adequate to provide surgical planes of anaesthesia, depression of the pontine neurons is not severe. As the depth of anaesthesia is furiher increased, selective effects on CNS vasomotor neurons become more apparent leading to depression of pontine neurons inputs which provide excitatory inputs to the medullary vasomotor centre.
